The adsorption behavior of neptunium ions on the synthesized pyridine-type resin (Abbreviated as PYAER) in hydrochloric acid solutions whose concentrations are in the 0.10-11.5 M region has been studied at room temperature. Neptunium has many kinds of valence states of ions; mainly tetravalent, pentavalent, and heptavalent ions. We have controlled the neptunium valence states by using redox reactions and confirmed the valence states in hydrochloric acid solutions using an ultraviolet visible nearinfrared absorption photospectrometry at room temperature before the adsorption experiments described above. After adjusting the valence states of neptunium ions, the adsorption mechanisms on the neptunium ions with PYAER was studied by batch-wise adsorption experiments and the estimated mechanisms were compared with those of heptavalent uranium, trivalent lanthanides, and tetravalent plutonium against PYAER. As a result, it was found that the obtained distribution coefficients (Abbreviated as K d ) of neptunium with PYAER increase with increasing of the concentrations of hydrochloric acid solutions and their order was heptavalent > tetravalent pentavalent. The K d values of tetravalent plutonium were found to be between the K d values of neptunium. On the other hand, it was also revealed that trivalent lanthanides show little adsorption ability for PYAER in the examined hydrochloric acid concentration ranges and PYAER was able to adsorb strongly heptavalent uranium ions with increasing concentrations of hydrochloric acid. In brief, the obtained K d values increased in order of lanthanides, neptunium ( plutonium), and uranium. These results support the positive possibility of the mutual separation of uranium, plutonium containing neptunium, minor actinides (Am, Cm), and lanthanides and were therefore found to be valuable data for our proposed reprocessing process.
Introduction
Various kinds of elements are contained in the spent nuclear fuel. The uranium and plutonium in the spent nuclear fuel have already been recycled by the reprocessing process. After the process, the remained elements such as minor actinides, lanthanides, platinum group elements, and other fission products etc., become the high level radioactive wastes if they *Corresponding author E-mail: yu_tachibana@vos.nagaokaut.ac.jp are not extracted from the spent nuclear fuel. However, if these elements are extracted from the spent nuclear fuel, we can regard these extracted elements as the valuable resources.
Based on the concept, we have proposed a new reprocessing process with the addition of the recovery of these valuable elements, namely the reprocessing process named advanced ORIENT cycle. 1, 2) This (xxx) advanced ORIENT cycle is composed of three main steps as follows, (I) removal process of exothermic nuclides like strontium and cesium, (II) prefilteration process for recovering platinum group elements and technetium to utilize as strategic materials, and (III) main processes for the recovery of uranium and plutonium including neptunium, and for separation of trivalent minor actinides from other fission products including lanthanides. This recovery process of plutonium including neptunium has been strongly desirable for nuclear
The tertiary pyridine-type resins (Abbreviated as PYAER) is used for our proposed reprocessing process (see Scheme 1) because the PYAER has the high radiation resistance in comparision with that of the typical amine-type resin and the PYAER can withstand 3 MGy -ray irradiation.
non-proliferation. However, in Step (III), the separation behavior of neptunium on adsorbents in aqueous solutions containing uranium, plutonium, trivalent minor actinides, and other fission products including lanthanides has still not been examined in detail and hence it is still unclear whether the separation behavior of neptunium is similar to that of plutonium, uranium, trivalnet minor actinides, and other fission products including lanthanides or not.
3) In additon, we have already confirmed the adsorption behavior of uranium, plutonium, and some light-, middle-lanthanides on the PYAER at room temperature, that is, the adsorption behavior of uranium is similar to that of plutonium except for ranging in concentration more than 3.0 M and PYAER can adsorb selectively uranium rather than plutonium while the examied light-, middlelanthanides have no adsorption for the PYAER in hydrochloric acid solutions.
From these viewpoints, we have studied the adsorption behavior of neptunium with tetravalent, pentavalent, and heptavalent states on the PYAER by comparing with those of uranium, plutonium, and light-, middle-, heavy-lanthanides in hydrochloric acid solutions at room temperature. hydroxylamine hydrochloride (Purity: and aqueous solutions with 30 wt% hydrogen peroxide produced from Wako Pure Chemical Ind., Ltd. was used. All chemicals for analyses were of special pure grade. All PYAER used in this study was prepared by way of typical synthesis as described below.
Sample preparations

237
Np was used for the confirmation of valence states of Np while 239 Np was used for adsorption experiments. Each solution volume of all samples containing 237 Np for the ultraviolet visible near-infrared absorption photospectrometric measurements (Lambda750, Perkin Elmer) was finally adjusted to 1.0 mL and the quartz cell (Capacity = 0.7 mL) with optical path length of 1.00 ± 0.01 cm was used. "Ultraviolet visible nearinfrared" was abbreviated as UV-vis-NIR. The acidic concentrations of the solutions containing Np species were adjusted to 1.3, 1.7, 3.6, 6.3, 9.0, and 11.5 M (M = mol/L) using HCl for adsorption experiments of Np species with PYAER and for adsorption experiments of Ln(III) using PYAER, the HCl concentrations was adjusted to 0.1, 1.0, 3.0, 6.0, and 11.2 M, respectively. All sample solutions were prepared by mixing with ultrapure water (18.2 at 298 K) produced with a Millipore apparatus (Simpli Lab-UV).
Adsorption experiments of Np species on PYAER
After the confirmation of valence states of Np species by the UV-vis-NIR absorption photospectrometric measurements were carried out in HCl solutions at room temperature, as stated below, the adsorption experiments were performed by batch techniques in order to evaluate the distribution coefficients (Abbreviated as K d ) of Np and Ln(III) species using PYAER (Cl form) in aqueous solutions of various HCl region (0.10-11.5 M) at room temperature. After the PYAER was modified with that of Cl form using dilute HCl solutions, PYAER (Cl form) of 0.10 g was added into the HCl solutions of 1.1 mL containing Np species and 0.35 g PYAER (Cl form) was also added into the HCl solutions of 10.0 mL with lanthanides of 1.0 × 10 -5 M. Each of the shaking time was for an hour and 24 hours. Before each concentration of Np species was measured using -ray spectroscopy with Ge semiconductor detector, the PYAER and the solutions were separated using a centrifuge to remove the PYAER added into the solutions while the concentrations of Ln(III) species were measured using ICP/MS (7700x, Agilent) after all samples were passed through a glass fiber filter (MF-Millipore, pore size: to remove PYAER. K d using the following equation (1) .
values were calculated (1) where C r , C s , C 0 , V s , and V r are concentrations of Np species on PYAER after each of adsorption equilibrium, concentrations of Np species in solutions after each of adsorption equilibrium, initial concentrations of Np species, volumes of solutions, and volumes of PYAER, respectively.
Synthesis of PYAER
The synthetic procedure of PYAER was described as follow. In the first step, the three kinds of sample solutions were prepared for its synthesis.
Step I of sample solution: The solution with acetophenone (52. Step II of sample solution: The methylcellulose of 0.8 g was dissolved in 130 g H 2 O of 343 K. After dissolving of methylcellulose in the 0.3-L beaker, the temperature of the solution was lowered rapidly using the ice-water bath. As a result, the color of the solution became colorless.
Step III of sample solution: The di-2-ethylhexyl sulfosuccinate sodium dissolved in 260 g H 2 O was prepared in another 0.3-L beaker. After these procedures, sample solutions prepared in all steps were mixed carefully at room temperature. The added 4-vinylpyridine was reacted with m/p-Divinylbenzene to synthesize PYAER in acetophenone and diethyl phthalate at 363 K for 10 hours (see Scheme 1). The synthesized PYAER was purified by way of removing the colloid suspension, unreacted substances, and solvents using conc. HCl, H 2 O, and acetone. The washing procedure was carried out for several times. The purified PYAER was dried using vacuum drying equipments at 343 K for 12 hours and without vacuum drying equipments at room temperature for 12 hours. The PYAER whose particle size was in a range of 100-250 mesh was obtained using a screen. The yield was 90.1 %. The characterization of the synthesized PYAER was carried out using FT-IR spectrometer (JASCO, 410) as shown in Fig. 1 . As a result, it was found that the aromatic C=C and C=N bonds which have the wide adsorption bands around 1550-1650 cm -1 were confirmed and the peaks of around 1375-1470 and 800-860 cm -1 are characteristic of alkanes and aromatics from the P YAER compounds, respectively. The peaks (xxx) associated with the stretching from aromatic C-H bonds were identified around 3000-3100 cm -1 .
Results and Discussion
Adjustment of valence states of Np species
An UV-vis-NIR absorption photospectrometry was used for confirmation of valence states of Np species in HCl solutions at room temperature. The wavelength of absorption peaks used for confirmation of Np(IV), Np(V), and Np(VI) species are about 750 and 960 nm, 980 nm, and 1230 nm, respectively and the detail photospectrometric reference data has been supplied by Kirishima et al. who have developed the redox speciation method for Np in a wide range of concentrations.
5) The adjustment of three kinds of valence states of Np species was performed as follows. The initial valence states of the supplied Np species in HCl solutions were found to be pentavalent and heptavalent states. After the aqueous Np solution was completely evaporating by using a hotplate whose temperature kept constant at 373 K, we confirmed that tetravalent states of Np species can be obtained by adding hydroxylamine hydrochloride of 1.0 M to the HCl solutions containing Np(V) and Np(VI) species. The reduction reaction has been completely finished within 30 min at 373 K. The absorption spectrum was shown in Fig. 2 . After the evaporation of HCl solutions with Np species, it was also shown that Np(V) species can be obtained by adding 30 wt % hydrogen peroxide to 9.0 M HCl solutions with Np(VI) species (see Fig. 3 ). The reaction time was appropriately 30 min and its temperature was at 373 K. The sample solution containing Np(VI) species can be adjusted by twice treatments of evaporation to dryness with the concentrated HNO 3 and HCl solutions. The obtained UV-vis-NIR absorption spectrum was shown in Fig. 4 . From these results, we have confirmed that aqueous Np solutions with three kinds of valence states can briefly be prepared by means of our procedure mentioned above.
Adsorption behavior
The adsorption experiments of Np species with three kinds of valence states, i.e., tetravalent, pentavalent, and heptavalent Np ions, were performed by batch techniques in order to evaluate the K 1-n (n is based on data reported by Danesi et al. 7) and the presence of [Np(IV)Cl n ] 4-n (n 5) and [Np(VI)O 2 Cl n ] 2-n (n can be expected considerably in case of concentrated HCl solutions. 8) In addition, it was considered that the difference of the K d values among Np species is attributable to the concentrations of anionic Np species as described above. These K d values were similar to that of Pu(IV) species (see Fig. 5 ). On the other hand, it is thought that the chloride complexes of U(VI) species form in our experimental conditions and we estimated some chemical forms of U ions in our sample solutions by using the well-known stability constants between U ions and Cl -under the condition of the ionic strength = 5.3 M at room temperature. 9) The results are shown in Fig. 7 . In case of the adsorption behavior of U ions with PYAER, it was proposed that UO 2 Cl 3 -whose fraction is ca. 83 % in 11.2 M HCl solutions is as a main chemical form of U ions in the concentrated HCl solutions. This anionic U(VI) species can adsorb on protonated PYAER(Cl form) by means of anionexchange reactions and consequently the relatively high K d values of U(VI) species were obtained. PYAER can adsorb Np, Pu, and U species in the concentrated HCl region while PYAER has little adsorption ability for Ln(III) species in the HCl ranges from 0.10 to 11.2 M (see Fig. 5 ). Recently, we have reported the adsorption mechanisms between lanthanides and the functional adsorbents. 10) Due to the reports, in the solvents such as aqueous solutions containing acids which have the higher relative permittivities compared with those of alcohols, it was not easy to achieve the mutual separation of lanthanides if chromatographic techniques are used. Hence, we have considered that PYAER has little adsorption ability for lanthanides because of the difficulty of complexation between Ln(III) and Cl -in the examined conditions. As reinforced this suggestion, no information on stability constants between Ln(III) and Cl -, i.e., the data of the formation [Ln(III)Cl n ] 3-n Judging from these results, we have expected that PYAER can mutually separate U, Pu with Np, and Ln species using chromatographic techniques because the obvious difference of the obtained K (n 4) and the corresponding stability constants was not obtained. 
Conclusion
We have succeeded the adjustment of the valence states of Np species, that is, tetravalent, pentavalent, and heptavalent Np ions can be briefly prepared in the solutions with wide HCl concentration ranges. Moreover, After we have adjusted the valence states of Np species in the HCl solutions, the adsorption behavior of Np species on the PYAER in HCl solutions whose concentrations are in the 0.10-11.5 M region has been performed by batch-wise experiments at room temperature. As a result, it was found that the obtained K d of Np species on PYAER increase with increasing of the concentrations of HCl solutions and their order was Np(VI) > Np(V) Np(IV) species although it was also revealed that Ln(III) show little adsorption ability for PYAER in the examined HCl concentration ranges. These K d values of Np species were analogous to that of Pu(IV) species. Additionally, PYAER was able to adsorb strongly heptavalent uranium ions with increasing concentrations of hydrochloric acid. In brief, the obtained K d values increased in order of Ln(III), Np( Pu(IV)), and U(VI). These results support the positive possibility of the mutual separation of U, Pu with Np, MA, and Ln and were therefore found to be valuable data for our proposed reprocessing process named advanced ORIENT cycle.
